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Abstract. 
The purpose of this paper is a multiphysics simulation of 3D temperature and velocity fields 
in continuous casting of steel under the influence of electromagnetic stirring by a combined 
meshless - finite element method approach. The transport phenomena are calculated by a 
meshless local radial basis function collocation technique and the magnetic force by the finite 
element method solver Elmer. The electromagnetic stirring increases the mixing in the molten 
steel. The thermal gradient is sharper and solidification is faster along the strand. The results 
are similar to other publications in the field. The local radial basis function collocation 
method is for the first time applied to 3D continuous casting problem with mold 
electromagnetic stirring. 
1 INTRODUCTION 
In continuous casting (CC) of steel, the molten metal is poured into the water-cooled mold, 
where it partially solidifies. Solidified shell is strong enough to withstand the ferrostatic 
pressure when it is pulled out from the mold. The mechanical properties of the product 
depend on many different variables ranging from billet chemical composition and size to 
process parameters such as cooling rate, casting speed, submerged entry nozzle (SEN) 
position and details of the fluid flow of the molten steel [1].  
Many defects can occur in CC, such as surface defects, inclusions, and segregation, and 
may lead to unacceptable quality. In addition to the proper tuning of the casting parameters 
(temperature, velocity, primary and secondary cooling rate) electromagnetic stirring (EMS) is 
another instrument to achieve an enhanced quality. EMS promotes the columnar to equiaxed 
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transition, reduces segregation and improves the surface quality. Different positions of stirrer 
are possible, but most widely used is the mold electromagnetic stirring (M-EMS) since 
mechanical properties are mostly determined in the mold region [1, 2]. Since the optimal 
stirrer parameters are different for each plant, each casting machine has to be calibrated 
separately [3]. 
The fluid flow in CC was studied experimentally with water instead of steel, since it has a 
similar kinematic viscosity as molten steel, but is not suitable for electromagnetic stirring 
(EMS), since it is not conductive. There are some experiments with mercury but are not 
practical on an industrial scale. The experiments are usually used only to test new ideas and 
phenomena and not for parameter optimization [4]. Further, measurements during casting are 
not practical, if even possible, hence numerical models are of great necessity [1]. 
The first models for EMS were analytical or semi-analytical [4]. The first pure numerical 
models were made by Fujisaki [5]. Similar studies of modeling more complex geometries, 
closer to the industrial setting were made [6]. In recent years the discussed multiphysics field 
expanded drastically, which reflects in a vast number of publications regarding different 
stirrers, strand shapes and alloys [3, 7–9].  
The majority of the mentioned works uses the finite element method for magnetic field 
calculation and the finite volume method for fluid flow, mainly with commercial software 
packages such as ANSYS Fluent. Another, a novel class of numerical methods are meshless 
methods, where the computational domain is discretized into nodes and a further topological 
connection between them, such as polygonization, is not needed. Local radial basis function 
collocation method (LRBFCM) [10], a class of meshless methods, was persistently developed 
for even more complex and realistic problems, eventually modeling macrosegregation and 
electromagnetic braking during CC of steel [11, 12]. Despite that one of the main advantages 
of the meshless methods are their simple implementation, irrespective of the number of 
dimensions, the first LRBFCM 3D calculation of CC is achieved only in 2016 [1]. There 
exists also other meshless methods (e.g. finite point method, diffuse approximate method, 
element free Galerkin method), but the present work model only 2D phenomena in 
CC [13, 14]. 
In this work, a 3D continuous casting model for finding a steady-state solution is presented 
for 18 cm×18 cm billet casting machine (Figure 1), installed in Štore-Steel plant. Because it 
incorporates the electromagnetic stirring and the strand curvature, the model has to 
incorporate the whole domain, in contrast to the previous 3D study, where due to the 
symmetry and lack of EM stirring, only one quarter can be modeled [1]. However, in this 
study, macrosegregation is not modeled.  
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Figure 1: Geometry used in the magnetic field calculation with the bounding air cylinder (a) and node 
distribution for casting calculation, where only the strand is modeled (b and c). 
2 MAGNETIC STIRRING FORCE 
The governing equations for electromagnetic field are 
t

  

B
E  (1) 
0 B j  (2) 
0. B  (3) 
They are in the present work solved primarily with an open source finite element solver Elmer 
in A–V potential form, where the vector potential A is discretized into edge elements [15]. 
The equations (1)–(3) are solved in a frequency domain. Afterward, Lorentz force f j B  is 
calculated. The following assumptions are made [9]: 
a) magnetic Reynolds number is small m 1;vLR   
b) steel temperature is always above the Curie temperature; 
c) the electrical conductance of solidified and molten steel is equal and constant; 
d) characteristic time of magnetic force is much shorter than the fluid flow; 
e) Joule heating 2 d 1 kWP j V   is ignored. 
a) b) c) 
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The magnetic Reynolds number stands for a ratio of magnetic advection and diffusion, 
where the magnetic diffusivity is 0.1/   By inserting material properties of CC shows 
that the effect of conducting fluid flow is negligible, so a) is true. Because Curie temperature, 
below which the steel is ferromagnetic, is only about 750 °C (compared to casting 
temperature 1534 °C), almost no effect is expected since the calculations show that 
approximately only 0.2 % of the steel in the mold region is bellow Curie temperature. 
Nevertheless, the temperature profile in the strand has a strong effect on electrical 
conductivity σ. From the center of the strand to the mold, steel cools for about 700 °C with 
increasing σ for more than a factor of two. Because the temperature gradient is concentrated 
in the solidified zone, where the electric current j  is the largest, it is questionable, if c) holds 
and has to be checked in future works. On the contrary, the temperature effect on the skin 
depth 1/2( 0. m) 3 1   in the strand is insignificant. 
The characteristic time of the magnetic force is 02  s1 .3f  , where f is current frequency, 
and characteristic time of the fluid flow is 5 s.L u   The force has double the frequency of 
the electric current, since 2 2.f B f I f The assumption d) therefore allows a time-
averaging of the Lorentz force to [4, 9] 
m Re Im( ) 2. f f f  (4) 
Together with the first three assumptions this completely decouples the calculation of the 
magnetic force from the thermo-fluid calculations.  
Consequently, we can have two separate geometries and node arrangements (Figure 1). 
The first one is used for magnetic force calculation and models the strand, the mold, the stirrer 
and also the bounding cylinder of air in which A and V drop to zero, which is also the only 
boundary condition necessary for EM field calculation. The second node arrangement (only 
nodes) used for casting simulation contains only the strand. 
3 FLUID FLOW 
The governing equations for turbulent incompressible fluid flow and heat transport with 
solidification are [1] 
0 u  (5) 
2
L
L t 0 S b m3
L
(12( ) )[2( ) ] ( )
3 L
fk K
f
P
t
     

           

u uu S u u f f  (6) 
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S L S S L L
T
( ) ( ) [ ( )( )] ( ),h h T f h h f h
t

   


         

u u u  (7) 
which represent mass, momentum and energy conservation, respectively. In the equations
, ,u P h  and T stand for velocity, pressure, enthalpy and temperature. S is the strain rate tensor. 
Boussinesq buoyancy force is b ref[ ( )]T T T  f g , where T  stands for the thermal 
expansion coefficient. The magnetic force mf is inserted from (4). Density , morphology 
constant 0K  in the Darcy term and dynamic viscosity  are considered constant, but the 
thermal conductivity ( )T has temperature dependence. 
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The turbulence is modeled with k   turbulence model by using Abe-Kondoh-Nagano 
(AKN)[16] closure coefficients and put into effect with the third term on RMS in (6) and (7) 
with effective viscosity t  , where the turbulent dynamic viscosity is 
2
t .
kc f    (8) 
The turbulent kinetic energy k and the dissipation rate  are determined from equations 
2
t L
L L 0 3
L
(1 )( ) ,k
k
fk k k P D K k
t f

     

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          
   
u  (9) 
 
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L 1 1 2 2 L 0 3
L
(1 )( ) ,fc f c f E K
t k f

     

   
          


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u  (10) 
where 1 1 2 2, , , , , , , ,T kf f c fc c    and  are the closure coefficients. D and E are additional 
source terms of the low-Reynolds number turbulent model [17]. 
Solidification is modeled with lever rule liquid/solid fraction 
L
L S L
p m
11 , 1 ,
1
T T f f
k T
f
T

   
 
 
(11) 
where pk is partition coefficient, LT is liquidus temperature and mT is melting temperature. 
Temperature is calculated from enthalpy ( )h T [1] 
ref S
S S L S L S m( ) d , ( ) d) .(
T T
p p pT T
T c T h h T c c T hh        (12) 
First, the equations (5) and (6) are solved by using Chorin fractional step method [14]. 
Then, ,h k  and  are updated (7)–(10) with explicit time stepping. Finally, the new values of 
L,T f  and t are calculated for each node. The steps are repeated until a steady-state is 
reached [1]. 
The meshless local radial basis function collocation method (LRBFCM) is employed for 
the numerical solution procedure. In each (overlapping) subdomain, the involved field   
(e.g. temperature, pressure, velocity component, turbulent kinetic energy, turbulent dissipation 
rate) is represented by a set of radial basis function (RBF) ( ) p , over K nodes positioned at 
nodes kp  in the subdomain 
1
( .) ( )
K
k k
k
 

 p p  (13) 
The derivatives are considered with corresponding derivatives of ( )k p . RBFs used in the 
present work are multiquadrics 2 2( )k k c   p p p , where c is the shape parameter. The 
elaboration of the method can be found in [18]. 
The boundary conditions at the inlet (i.e. SEN) are 
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2
inlet, inlet, inlet, cast 2 0 2
m m N0 , 0 , 0
s s m
( ) , ,x z y b inlet
Pu T Tu u u a
y
d     

 (14) 
 
0.75 1.5
inlet2
t inlet, inlet
2
1.5( )
0.07
,inlet y
c k
k I u
d

    (15) 
where tI  is the turbulent intensity 
1/8
t inlet, 20.16Re , Re .yuI d 
   (16) 
Pressure outlet with 20 / mP N  is prescribed at the outlet. Other variables are set to zero 
gradients in the vertical direction. On the top surface (i.e. meniscus), the free surface flow is 
prescribed with /s0m .yu   
On the side walls the boundary conditions for velocity are of the no-slip type if there is a 
liquid phase, or castu u  is prescribed if the steel has solidified. For the heat transfer, Robin 
boundary conditions are used in the mold, where the heat transfer coefficient equals to 
-2 -12000 Wm K . In the secondary cooling region, below the mold, the heat transfer coefficient 
equals to -2 -180 Wm K0 . 
4 RESULTS 
The correctness of Elmer solver and the problem setup is verified on an analytical case 
(magnetic field of coils without the iron core) and on an axisymmetric case of DC aluminium 
casting, where the results are compared to those obtained from another open source finite 
element solver FEMM, which is intended for 2D electromagnetic problems [19]. The latter is 
also compared to our own meshless calculation too. 
The vertical and the horizontal profiles for different frequencies and currents can be seen in 
Figure 2 and  
Figure 3. They roughly obey the dependency 2f If , although they reach maximum 
intensity between 3 Hz and 5 Hz, after which the skin effect in the mold dominates over the 
frequency factor in .f  A strong spike is seen right at the bottom of the mold. This is because 
the stirrer is mounted right above the bottom of the mold (Figure 1), where the magnetic field 
should be still strong, but is shielded by the mold. The effect becomes stronger with higher 
frequencies, which further confirms the argument. This does not influence the stirring effect, 
because the force is in the vertical direction [8]. 
EMS has a dramatic effect on solidification shell and the effect on fluid flow is rotational, 
as expected (Figure 4). However, as noted in previous publications, the main effect is not due 
to swirling flow, but due to better mixing and thermal transport, resulting in a sharper 
temperature gradient along the strand [3]. It is clear that because of this, a particular cross 
section in the strand solidifies faster than without the stirring (a blunt solidification front in 
Figure 4 for EMS case). 
The settings shown in the present paper are not optimal. As we can see in Figure 5 the 
rotational flow distorts the solidification front and makes the solidification non-symmetric. A 
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similar effect was found in literature [20]. It is expected, that this problem can be overcome 
by stronger stirring. 
Figure 2: The magnetic force horizontal component z for different frequencies for vertical cross-section in the 
middle of the strand and 3 cm from the side (a) and in the horizontal cross section in the center of the EMS (b). 
 
 
 
 
b) a) 
b) a) 
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Figure 3: The magnetic force horizontal component z for different currents for vertical cross-section in the 
middle of the strand and 3 cm from the side (a) and in the horizontal cross section in the center of the M-EMS 
(b). 
 
Figure 4: Streamlines and solidification front without and with EMS. 
No EMS 300 A; 2.8 Hz 
Center of 
the mold 
0.5 m 
below the 
mold 
No EMS 300 A; 2.8 Hz 
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Figure 5: Liquid fraction without and with EMS for cross sections at the center of the stirrer and 0.5 m below it. 
5 CONCLUSIONS 
Lorentz force is successfully incorporated into the existing 3D meshless model of turbulent 
strand solidification and solved with LRBFCM in 3D. Due to the loss of symmetry the whole 
strand has to be considered and not only one quarter [1]. The obtained results are in 
accordance with those found in literature [7, 8, 20]. 
The calculation of the EM force with the use of a combination of our own meshes and 
open source finite element software is proven practical. Despite that, the challenge remains in 
efficiently connecting solvers for fully coupled problems. This is necessary, if one wants to 
study for example the effect of temperature dependence of electrical conductivity. 
Challenges also remain in finding optimal stirring parameters for steel production and 
including macrosegregation and inclusion transport. 
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